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FIBER OPTIC DAMAGE DETECTION 
SYSTEM FOR COMPOSITE PRESSURE 

VESSELS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to non-destructive testing methods 

and apparatus in general, and in particular, to the use of 
optical ?bers as an indicator of damage to ?lament Wound 
composite pressure vessels. 

2. Related Art 
A number of important ?ber reinforced composite struc 

tures are currently being manufactured using ?lament Wind 
ing. They are made in a broad range of siZes, and are 
categorized primarily by their application. Aerospace appli 
cations include vessels for high-pressure gas containment, 
liquid propellant tanks, and solid rocket motors. Such ves 
sels are also used extensively in non-Aerospace applica 
tions, but are normally designed to be much more robust, as 
Weight control is typically not as critical. Currently, solid 
rocket motor cases of up to 5 feet in diameter are being 
made, and even larger siZes are possible. They typically have 
an elastomeric liner/insulator on the inside of the case Wall. 

Another class of composite pressure vessels are made for 
containment of gasses at high pressures, and are usually 
relatively small, typically less than tWo feet in diameter. 
Those With thin metal liners are de?ned by the American 
Institute of Aeronautics and Astronautics (AIAA) in speci 
?cation S0-81 as “Composite OverWrapped Pressure Ves 
sels,” or “COPVs”. There are also high pressure gas con 
tainment composite pressure vessels With non-metallic 
liners that have been used for commercial applications. Very 
large liquid-containing propellant tanks have been made, 
and these usually have a ?exible liner on the composite Wall 
for fuel containment. Typically, an epoxy-Wetted ?ber is 
Wound in speci?ed hoop and helical patterns on either a 
metallic liner, in the case of COPVs, or on a removable 
mandrel, and either With or Without a liner at the Winding 
stage. Features common to all composite pressure vessels 
used in aerospace applications are their relatively thin struc 
tural Walls and thin metallic or elastomeric liners, Which are 
used to minimiZe Weight, and Which render them relatively 
susceptible to shock and impact damage. 
A preferred ?ber for ?lament Wound structures is carbon 

(graphite) ?ber, Which is exceptionally strong, but local 
de?ections are limited before breakage occurs. Surface 
impact events experienced by these structures can cause 
signi?cant local de?ections resulting in broken ?bers. The 
de?ections can be elastic in nature, With no visual indication 
of subsurface ?ber breakage or surface damage evident. The 
reduction in strength of the composite structure resulting 
from broken ?bers can have implications that range from the 
need for relatively loW-cost repairs, to a catastrophic failure 
of the vessel that can lead to calamitous failure of a ?ight 
vehicle. Unfortunately, not all impact events that occur 
subsequent to production inspection and that result in broken 
?bers are visually observed and reported through appropri 
ate channels so that a detailed inspection is initiated to 
evaluate vessel integrity. 

The susceptibility to impact damage of composite pres 
sure vessels can be mitigated someWhat through design by 
providing for adequate strength after visible impact damage 
has occurred and been con?rmed by visual inspection. 
HoWever, for some high performance composite structures 
that are Weight critical, such measures are not feasible, and 
multiple inspections are therefore necessary to ensure struc 
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2 
tural integrity. Accordingly, some space vehicle programs 
may expend very large sums of money each year to re 
inspect solid rocket motor cases for impact damage using 
traditional non-destructive inspection methods prior to 
launch. Because of these high costs, neW apparatus and 
methods for detecting impact or handling damage in com 
posite structures are needed. 

Some efforts have been made in this area to decrease the 
time and cost of traditional non-destructive inspections, 
including embedding sensing devices into Woven ?ber cloth, 
or co-curing them betWeen laminate plies. (See, e.g., US. 
Pat. No. 5,814,729 to Wu, et al.; US. Pat. No. 5,245,180 to 
Sirkis; Claus, et al., “Nondestructive Evaluation of Com 
posite Materials by Pulsed Time Domain Methods in Imbed 
ded Optical Fibers,” Review of Progress in Quantitative 
Nondestructive Evaluation, Vol. 5B, Thompson and Chi 
menti, Eds., Plenum Press, 1986; Maslouhi, et al., “Use of 
Embedded Optical Fiber Sensors for Acoustic Emission 
Detection Within Composite Materials,” 36th International 
SAMPE Symposium, Apr. 15*18, 1991.) These references 
describe so-called “smart structures” that are equipped With 
sensing devices that indicate When a ply has been damaged. 
The draWback of these structures lies in the embedding 
Within them of ?ber optic sensors, Which are typically larger 
than the adjacent structural ply ?bers, and Which therefore 
can adversely affect the strength of the lay-up or sustain 
embedded ?ber damage during the curing process. 
A need therefore exists for a loW cost yet reliable method 

and apparatus for detecting shock, impact, handling and 
transportation damage to composite pressurized structures. 

BRIEF SUMMARY OF THE INVENTION 

In accordance With the present invention, a reliable, loW 
cost apparatus and method of use are provided for detecting 
structural damage incurred by a ?lament Wound composite 
pressure vessel. In one advantageous embodiment, the dam 
age detector comprises an optical ?ber Wound onto an 
exterior surface of the composite structure and adhered 
thereto With an adhesive. The core of the optical ?ber may 
be silica, to approximate the tensile strength and frangibility 
of the ?laments of the underlying composite structure. 
Advantageously, the optical ?ber may be Wound onto the 
underlying structure While Wetted With a coating of a liquid 
epoxy resin, and the resin then cured to adhere the ?ber to 
the structure. The optical ?ber is preferably Wound on the 
composite structure in a regular, tWo-dimensional pattern in 
Which adjacent Windings are spaced at a selected distance 
from each other, and in Which points along the length of the 
?ber are mapped onto speci?c, knoWn locations on the 
surface of the underlying structure. The Winding pattern may 
comprise either helical or axial Windings, or both. 

Means are provided for transmitting a light signal though 
the optical ?ber, and for detecting the signal after its 
transmission therethrough. In one possible embodiment, a 
laser or a light emitting diode may be used to inject the light 
signal into an end of the optical ?ber, and a diode, such as 
an avalanche photo diode, may be used to detect the trans 
mitted light signal. The light signal may be injected at a ?rst 
end of the optical ?ber and detected at the opposite second 
end thereof, or alternatively, may be injected at a ?rst end of 
the ?ber, re?ected back from the opposite second end, and 
then detected at the ?rst end. Preferably, the light transmitter 
and detector are implemented as small, portable units that 
are separate from the optical ?ber, but easily connectable to 
it in the ?eld by optical connectors. 
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Immediately after the optical ?ber is applied to the 
underlying structure, a ?rst, or baseline, test is conducted 
With the apparatus to determine a unique reference signal, or 
“signature,” of the undamaged optical ?ber. This reference 
or signature signal represents a completely uninterrupted 
signal traveling at least once through the ?ber. Then, after 
the composite structure has been subjected to the shocks, 
impacts and handling of transportation and/or installation, a 
second signal similar to the ?rst is sent through the optical 
?ber detector in a manner similar to the ?rst and compared 
With the original reference or signature signal. Receipt of 
substantially the same baseline reference signature signal 
from the device indicates that no intervening ?ber breakage 
has occurred to the structure, Whereas, substantial changes 
detected in the signal indicate that the structure may have 
sustained structural damage that may not be obvious to 
visual inspection, but Which could be detected by conven 
tional non-destructive methods, such as ultrasonic tech 
niques. 

In an alternative embodiment, a pulsed light signal is 
injected into one end of the ?ber, re?ected back from the 
second end, and then detected at the ?rst end. Any discon 
tinuity in the ?ber occasioned by shock or impact damage 
thereto Will result in a re?ected light signal that “leads,” i.e., 
is detected earlier than, the input signal re?ected from the 
second end of the ?ber. The amount of time taken by the 
re?ected light signal to travel from the ?rst end of the ?ber 
to the discontinuity and back to the ?rst end is measured, and 
the distance of the discontinuity from the ?rst end of the 
optical ?ber then computed from the time taken. When this 
distance is located on the above two-dimensional map of the 
optical ?ber on the exterior surface of the composite struc 
ture, the location of the discontinuity, and hence, the location 
of potential damage to the underlying structure, is revealed 
precisely. 
A better understanding of the above and many other 

features and advantages of the present invention may be 
obtained from a consideration of the detailed description 
thereof beloW, particularly if such consideration is made in 
conjunction With the several vieWs of the appended draW 
1ngs. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The foregoing features and other features of the present 
invention Will noW be described With reference to the 
draWings of a preferred embodiment. In the draWings, the 
same components have the same reference numerals. The 
illustrated embodiment is intended to illustrate, but not to 
limit the invention. The draWings include the folloWing 
Figures: 

FIG. 1 is a perspective vieW of a liner or mandrel for a 
composite pressure vessel before being Wrapped With a 
reinforcing ?ber-and-epoxy composite matrix; 

FIG. 2 is a perspective vieW of the liner or mandrel of 
FIG. 1 after being Wrapped With a reinforcing ?ber-and 
epoxy matrix to form a composite pressure vessel; 

FIG. 3 is a perspective vieW of the composite pressure 
vessel after the application thereto of an exemplary embodi 
ment of a damage detector in accordance With the present 
invention; 

FIG. 4 is a schematic diagram of an exemplary embodi 
ment of a damage detector in accordance With the present 
invention; and, 
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4 
FIG. 5 is a schematic diagram of another exemplary 

embodiment of a damage detector in accordance With the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A ?lament-Wound composite structure 2, viZ., a compos 
ite overWrapped pressure vessel, or COPV, to Which the 
present invention has advantageous application, is illustrated 
in the perspective vieW of FIG. 2. The particular composite 
pressure vessel illustrated comprises a liquid propellant 
tank, and includes a holloW, generally cylindrical, polymeric 
or metallic, e.g., plastic, titanium, aluminum or stainless 
steel, inner liner 4, such as that illustrated in FIG. 1. While 
the liner is shoWn as cylindrical in shape, it should be 
understood that such a liner may have many other shapes, 
including, e.g., oblate spheroids, “near spheres,” or spheres. 
The underlying mandrel for the composite pressure vessel 
could also be a solid propellant casting or a mechanically 
removable or dissolvable structure (e.g., salt or plaster) that 
is not an integral component of the ?nal pressure vessel. 
The exterior surface of the liner 4 may be densely 

over-Wound in a helical and/or longitudinal pattern With a 
reinforcing ?ber, typically a Kevlar (poly(p-phenylene 
terephtalamide)) or Aramid, carbon and/or glass ?ber, and 
coated With or embedded in a continuous layer of a cured 
epoxy resin, Which ?lls the interstices of the ?ber Windings 
and forms a strong, reinforcing matrix 6 that is initially 
supported by the liner, and Which becomes an independent 
structural element after the epoxy binder is cured and an 
underlying mandrel removed. Winding can be accomplished 
through either “Wet-Winding,” comprising dipping ?bers 
into a resin bath prior to Wrapping them over the liner, or by 
“pre-preg Winding,” comprising Winding a tape of ?bers that 
have been previously impregnated With resin onto the liner. 

While the reinforcing ?bers of the matrix have a tensile 
strength-to-Weight ratio that is many times greater than that 
of equivalently siZed metallic ?bers, they are also substan 
tially more brittle, and therefore, more susceptible to break 
age from shear forces caused by localiZed shock and impacts 
incurred by the structure during moving, handling or inser 
vice abuse. To some extent, the resin bed serves to protect 
the ?bers from such types of damage, but ?lament Wound 
composite structures nevertheless remain particularly sus 
ceptible to damage caused by ?ber breakage, and such 
damage is often hard to detect by a visual inspection of the 
structure. 

A composite pressure vessel 2 having an exemplary 
embodiment of a damage detector 10 applied thereto in 
accordance With the present invention is illustrated in the 
perspective vieW of FIG. 3. The vessel illustrated comprises 
a cylindrical solid rocket motor case having an exhaust 
noZZle 8 disposed at one end thereof. The damage detector 
comprises an optical ?ber 12 Wound onto the exterior 
surface of the structure in an open, uniform, tWo-dimen 
sional pattern in Which adjacent Windings are spaced at a 
selected, uniform distance from each other, and adhered 
thereto in a bed of a cured, i.e., solidi?ed, resin, e.g., an 
epoxy or a polyurethane resin. 

In the particular exemplary embodiment illustrated in 
FIG. 3, the Winding pattern of the optical ?ber 12 comprises 
overlapping helical Windings 14 distributed along the long 
axis of the cylindrical motor case 2 such that they de?ne a 
grid pattern of, for example, 0.5 in. spacing When laid ?at on 
a tWo-dimensional “map” of the exterior surface of the 
underlying structure, as illustrated in the inset detail of the 
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?gure. Other Winding patterns, such as longitudinal Wind 
ings, may also be used, but it is desirable that the Windings 
be applied With a spacing, or area density, that is likely to be 
affected by localized impacts acting at points on the structure 
that are located betWeen adjacent Windings, as Well as those 
Which act directly on the optical ?ber itself. Additionally, it 
should be noted that, if the particular Winding pattern of the 
optical ?ber is knoWn, together With the location of the 
beginning and end points thereof on the above surface map 
of the underlying structure, then every point along the length 
of the ?ber Will correspond to a knoWn location on that map, 
and can be used to locate impact damage to the structure 
precisely, as described in more detail beloW. 

The optical ?ber 12 of the detector 10 may comprise 
either “plastic,” i.e., polymer-based, or conventional “glass,” 
i.e., silica based, core and cladding material, the latter so as 
to better approximate the tensile properties of the reinforcing 
?bers of the underlying structure 2. The ?ber may have, for 
example, a core diameter of betWeen about 9 to 63 microns 
(“u”), and an outer diameter, including cladding and any 
buffering, or reinforcing, layers, of about 125p. Of course, 
the optical ?ber may also have other siZes and constituent 
parts, and in this regard, it may be desirable to provide an 
optical ?ber With minimal or no bu?fering layers to more 
closely mimic the frangibility of the ?bers of the underlying 
structure, and to rely on a clear coating or paint, as described 
beloW, for protection against minor scratches and abrasions. 
The ?ber may also be, for example, either a “single-mode” 
or a “multimode” ?ber, depending on the particular appli 
cation at hand. The former type may be preferable as 
typically having a smaller diameter core, and therefore, 
being more sensitive to the level of impacts that Would 
adversely affect the ?bers of the underlying structure, 
Whereas, the latter type may be preferable in some applica 
tions because of its typically greater spectral “richness” 
caused by modal dispersion. 

The optical ?ber 12 may, like the underlying structure 2, 
be “Wet-Woun ,” i.e., coated With an uncured liquid resin 
during Winding, Which is subsequently cured at an elevated 
temperature. HoWever, the embedding resin is preferably 
cured at a loWer temperature than that at Which the under 
lying structure is cured, such that no loss in strength Will 
occur in the underlying structure by the application to it of 
the detector 10. During the Winding of the optical ?ber, a 
?rst “pigtail,” or umbilical assembly 15 comprising a signal 
inlet/outlet connector 16, is adhered to the underlying struc 
ture to provide a signal inlet/outlet at a ?rst end of the ?ber, 
and in one possible embodiment, a second umbilical 18 With 
either a signal outlet connector or a re?ector 20 may be 
disposed at the opposite, second end of the ?ber, as illus 
trated in FIG. 3. 

In another possible embodiment, shoWn in phantom in 
FIG. 3?, the second end of the ?ber can simply be terminated 
at a right angle so as to act as a re?ector, in a knoWn manner, 
and additionally, may be located aWay from the ?rst end, 
e.g., at the opposite end of the underlying structure 2. The 
umbilical arrangement may thus contain one or both ends of 
the optical ?ber, as illustrated in FIG. 3, and may be applied 
at the beginning of the Wet Winding procedure. Although the 
umbilical assembly is adhered to the underlying structure, a 
majority of it may lie beloW the optical ?ber after Winding, 
thereby leaving only the signal inlet, and optionally, outlet 
connectors exposed. A light, clear coating of resin may be 
applied over the optical ?ber/resin layer to protect it against 
minor handling scratches, as discussed above, and if desired, 
the entire assembly can be painted over. After the ?nal cure 
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6 
of the respective resins and coatings, the optical ?ber 
damage detection system is ready for use. 

Immediately after the optical ?ber 12 has been applied to 
the underlying structure 2, it is desirable to perform a ?rst, 
or baseline, test With the apparatus 10 to determine a 
reference signal, or “signature,” of the neWly applied, 
undamaged optical ?ber. This reference or signature signal 
represents a completely uninterrupted signal traveling at 
least once through the entire length of the ?ber. To effect this 
test, a transmitter unit (“TX”) 22, Which may comprise a 
conventional light emitting diode (“LED”) or a laser diode, 
is coupled to the inlet connector 16 of the ?ber, and a 
receiver unit (“RX”) 24, Which may comprise a conven 
tional PIN diode or an avalanche photodiode (“APD”), is 
coupled to the outlet connector 20 of the ?ber, as illustrated 
schematically in FIG. 4. Alternatively, Where the second end 
of the ?ber comprises a signal re?ector 20, both the trans 
mitter and the receiver may be coupled to the signal inlet/ 
outlet connector 16 of the ?ber, Which may also include a 
signal coupler 26 to avoid the need for an integrated trans 
mitter/receiver device, as illustrated schematically in FIG. 5. 

In the embodiment of FIG. 4, the light signal is injected 
into the ?rst end of the ?ber, travels once through the length 
of the ?ber, and is detected at the second end of the ?ber. In 
the embodiment of FIG. 5, the light signal is injected into the 
?rst end of the ?ber, is re?ected back from the second end 
of the ?ber such that it travels the length of the ?ber tWice, 
and is then detected at the ?rst end of the ?ber. In yet another 
possible embodiment (not illustrated), it is possible to pro 
vide a “partial-re?ector” at the second end of the ?ber such 
that a portion of the light signal is re?ected back to the ?rst 
end of the ?ber, While the remaining portion passes out the 
second end thereof. The tWo portions of the signal can then 
be compared With each other, either before or after detection. 

After the reference signal of the ?ber is established, it is 
recorded and can be analyZed for amplitude or intensity, 
phase and spectral content. Then, after the composite struc 
ture 2 has been subjected to the shocks, impacts and han 
dling of transportation and/or installation, a second signal 
substantially similar to the reference signal is sent through 
the optical ?ber detector 10 in a manner substantially similar 
to that in Which the reference signal Was sent and detected, 
and the tWo signals then compared, Which may include 
fast-fourier analysis, to assess potential intervening damage 
to the underlying structure. Thus, receipt of substantially the 
same baseline reference signal from the device indicates that 
no intervening ?ber breakage has occurred to the structure, 
Whereas, substantial changes detected in the second signal 
indicate that the structure may have sustained structural 
damage Which may not be visible to visual inspection, but 
Which can be detected by conventional non-destructive 
methods, such as ultrasonic or x-ray techniques. For 
example, damage to the optical ?ber Which exposes even a 
small portion of the core of the ?ber, or Which results in a 
“kink” in the core, but Which does not result in any discon 
tinuity in the core itself, Will nevertheless result in a loss of 
in the second signal, Which may be easily detected, and 
provide either a critical “go/no-go” indication, or altema 
tively, the need for the application of extensive conventional 
non-destructive examination methods to the structure, such 
as ultrasonic or x-ray techniques, to assess the location, 
nature and extent of the damage. Further, in a system With 
?ber optic connectors at each end of the composite pressure 
vessel, a second signal can be sent from the opposite end to 
verify that multiple damage locations do not exist beyond 
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the initial ?nding that Would require a complete non-de 
structive inspection of the structure to validate its over-all 
integrity. 
Where damage to the optical ?ber 12 of the detector 10 

results in a discontinuity in the core of the ?ber, at least a 
portion of a test signal injected into the ?ber Will be re?ected 
back from the discontinuity to the ?rst end of the ?ber. In an 
embodiment of the detector that detects a re?ected signal at 
the ?rst end of the ?ber, such as that illustrated in FIG. 5, the 
signal re?ected from the discontinuity provides a mecha 
nism for precisely locating the damage, in the folloWing 
manner. In such an embodiment, a pulsed light signal is 
injected into one end of the ?ber. The signal re?ected back 
from the discontinuity “leads,” i.e., is detected earlier than, 
the input signal re?ected from the second end of the ?ber. 
The amount of time taken by the re?ected light signal to 
travel from the ?rst end of the ?ber to the discontinuity and 
back to the ?rst end is measured, and the distance of the 
discontinuity from the ?rst end of the optical ?ber is then 
computed from the time taken. When this distance is plotted 
on the tWo-dimensional map of the optical ?ber on the 
exterior surface of the composite structure described above, 
the location of the discontinuity, and hence, the location of 
the potential damage to the underlying structure, is thereby 
revealed With substantial accuracy. 
As Will by noW be evident to persons of skill in the art, 

many modi?cations, substitutions and variations can be 
made in and to the materials, con?gurations and methods of 
use of the reliable, loW-cost damage detector 10 of the 
present invention Without departing from its spirit and 
scope. Accordingly, the scope of the present invention 
should not be limited to the particular embodiments illus 
trated and described herein, as they are merely exemplary in 
nature, but rather, should be fully commensurate With that of 
the claims appended hereafter and their functional equiva 
lents. 
What is claimed is: 
1. A method for detecting structural damage to a ?lament 

Wound composite pressure vessel, the method comprising: 
Winding an optical ?ber on and adhering it to an exterior 

surface of the composite pressure vessel; 
injecting ?rst and second light signals into an end of the 

optical ?ber at different times; 
detecting the ?rst and second light signals at an end of the 

optical ?ber; 
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8 
comparing the ?rst and second light signals With each 

other; 
injecting a light signal into a ?rst end of the optical ?ber; 
re?ecting the light signal from an opposite second end of 

the optical ?ber; and, 
detecting the re?ected light signal at the ?rst end of the 

optical ?ber; 
providing a tWo-dimensional map of the optical ?ber on 

the exterior surface of the composite pressure vessel; 
detecting a re?ected light signal corresponding to a dis 

continuity in the optical ?ber; 
measuring the amount of time taken by the re?ected light 

signal to travel from the ?rst end of the ?ber to the 
discontinuity and back to the ?rst end; 

computing the distance of the discontinuity from the ?rst 
end of the optical ?ber from the time taken; and, 

locating the discontinuity on the map. 
2. A method for detecting structural damage to a ?lament 

Wound composite pressure vessel, the method comprising: 
Winding an optical ?ber on and adhering it to an exterior 

surface of the composite pressure vessel; 
injecting ?rst and second light signals into an end of the 

optical ?ber at different times; 
detecting the ?rst and second light signals at an end of the 

optical ?ber; 
comparing the ?rst and second light signals With each 

other; 
injecting a light signal into a ?rst end of the optical ?ber; 
re?ecting the light signal from an opposite second end of 

the optical ?ber; and, 
detecting the re?ected light signal at the ?rst end of the 

optical ?ber; 
providing a tWo-dimensional man of the optical ?ber on 

the exterior surface of the composite pressure vessel; 
detecting a re?ected light signal corresponding to a dis 

continuity in the optical ?ber; measuring the amount of 
time taken by the re?ected light signal to travel from 
the ?rst end of the ?ber to the discontinuity and back to 
the ?rst end; 

computing the distance of the discontinuity from the ?rst 
end of the optical ?ber from the time taken; and, 

locating the discontinuity on the map; 
Wherein the light signal comprises a pulsed light signal. 

* * * * * 


